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Background: Interaction between lysyl-tRNA synthetase and HIV-1 Gag is critical for tRNALys primer packaging and virus
replication.
Results:Mutation of residues of dimerization helix 7 abolishes hLysRS packaging into virions, reduces binding to HIV-1 Gag,
and affects the synthetase dimerization state and aminoacylation activity.
Conclusion: LysRS dimer interface residues interact with HIV-1 Gag.
Significance:Mapping host cell-viral protein interaction will aid in development of novel antiviral agents.

The primer for reverse transcription in human immunodefi-
ciency virus type 1, human tRNALys,3, is selectively packaged
into the virion along with tRNALys1,2. Human lysyl-tRNA syn-
thetase (hLysRS), the only cellular factor known to interact spe-
cifically with all three tRNALys isoacceptors, is also selectively
packaged into HIV-1. We have previously defined a tRNALys

packaging complex that includes the tRNALys isoacceptors,
LysRS, HIV-1 Gag, GagPol, and viral RNA. Numerous studies
support the hypothesis that during tRNALys packaging, a
Gag�GagPol complex interacts with a tRNALys�LysRS complex,
with Gag interacting specifically with the catalytic domain of
LysRS, and GagPol interacting with both Gag and tRNALys. In
thiswork, we have identified residues along one face of themotif
1 dimerization helix (H7) of hLysRS that are critical for packag-
ing of the synthetase into virions. Mutation of these residues
affects binding to Gag in vitro, as well as the oligomerization
state and aminoacylation activity of the synthetase. Taken
together, these data suggest that H7 of LysRS has a dual func-
tion. In its canonical role it maintains the synthetase dimer
interface, whereas in its function in tRNAprimer recruitment, it
bridges interactions with HIV-1 Gag.

Upon infection of the host cell by HIV-1, the viral RNA
genome is copied into a double-stranded cDNA by the viral
enzyme reverse transcriptase. Host cellular tRNALys,3 is
required to initiate the first step of reverse transcription in the
viral life cycle (1). The resultant viral DNA is translocated into
the nucleus of the infected cell where it integrates into the host
cell DNA and codes for viral RNA and proteins. The mature
viral structure includes glycosylated envelope proteins and pro-
teins resulting from processing of the large precursor proteins

Gag and GagPol (2). Both Gag and GagPol are translated from
the same full-length viral RNA, which is also packaged into
assembling virions where it serves as the genomic RNA. During
maturation, Gag is cleaved by HIV-1 protease to yield matrix,
capsid (CA),2 nucleocapsid, and p6 proteins. Protease, reverse
transcriptase, and integrase are enzymes produced as a result of
GagPol processing. During the assembly step of the viral life
cycle, Gag,GagPol, viral RNA, and specific cellular components
are selectively packaged into the virion for initiating subsequent
infectious cycles (3).
Host-encoded tRNALys,3, which serves as the primer for

reverse transcription, is selectively packaged into HIV-1, along
with the other major human tRNALys isoacceptors (tRNALys1,2).
The packaging of tRNALys requires GagPol (4) and human
lysyl-tRNA synthetase (hLysRS), which is also selectively pack-
aged intoHIV-1 (5). Human LysRS, the enzyme that aminoacy-
lates tRNALys, is the only known cellular factor that specifically
recognizes all tRNALys species. The selective packaging of
tRNALys isoacceptors into HIV-1 raised the possibility that
LysRS also participates in viral tRNA packaging. Indeed, over-
expression of hLysRS increases tRNALys packaging into HIV-1
particles (6), and siRNA knockdown of LysRS decreases the
tRNALys amounts incorporated (7). Thus, LysRS is the limiting
factor for tRNALys packaging (6). Increasing the concentration
of viral tRNALys,3 in HIV-1 by overexpressing exogenous
tRNALys,3 also results in increased annealing of the tRNA onto
the primer binding site and enhanced viral infectivity (6).
Furthermore, packaging of tRNALys isoacceptors requires
binding to LysRS (8), but aminoacylation of the tRNA is not
required (9).
HumanLysRS is a class II synthetase forming a closely related

subgroup (known as IIb) with aspartyl- and asparaginyl-tRNA
synthetases (10, 11). Class II synthetases are generally func-
tional dimers or tetramers, and their active sites consist of an
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sensus sequences (motifs 1, 2, and 3). Motif 1, which is com-
prised of �-helices 5, 6, and 7 (H7) and part of a �-sheet (�6),
constitutes the dimer interface, whereas motif 2 and 3 together
constitute the aminoacylation active site (12–14). Although an
�2 homodimer is the functional oligomerization state for ami-
noacylation, hLysRS crystallized as an �2�2 tetramer (14).
LysRS is also part of the highmolecular weight multisynthetase
complex (MSC) present in higher eukaryotes (15). Within the
MSC, LysRS specifically interacts with the scaffold protein p38/
AIMP2 and is present in a unique �2�1:�1�2 orientation, which
is designed to control both retention andmobilization of LysRS
from the MSC (16).
The source of LysRS packaged into HIV-1 is still unclear.

One report suggests that the packaged viral LysRS is of host
mitochondrial origin (17). However, earlier studies suggested
that packagedLysRSdoes not appear to originate fromany of its
identified steady-state cellular compartments, which include
the cytoplasmicMSC, nuclei, mitochondria, or cell membrane.
Instead, newly synthesized cytoplasmic LysRS has been shown
to interact with HIV-1 Gag before entering any of these com-
partments upon viral infection (18). More recently, it has been
suggested that interactions also occur between LysRS and the
Pol domain of the GagPol precursor (19).
The packaging of hLysRS into HIV-1 is specific; of nine ami-

noacyl-tRNA synthetases and three additional components of
themammalianMSC tested, only hLysRS has been shown to be
packaged (18). The domains critical for interaction between
LysRS and Gag have been identified to include the motif 1
domain of LysRS and the C-terminal domain (CTD) of CA (20).
Deletions that extend intoHIV-1CA-CTDor LysRSmotif 1H7
abolish the interaction between Gag and hLysRS in vitro. Fur-
thermore, deletion of motif 1 eliminates LysRS packaging into
Gag viral-like particles (20). Interestingly, both of these primar-
ily helical regions (motif 1 of LysRS and HIV-1 CA-CTD) are
critical for homodimerization of the individual proteins. We
have previously investigated the interaction between Gag and
LysRS by fluorescence anisotropy (FA) measurements and gel
chromatography (21). An apparent equilibrium binding con-
stant (Kd) of 310 nM was measured for the Gag/LysRS interac-
tion, and CA alone binds to LysRS with a similar affinity (�400
nM) as full-lengthGag.Gag andLysRS variants containing point
mutations in their dimerization motifs that effectively elimi-
nated homodimerization still interacted in vitro, suggesting
that dimerization of each protein per se is not required for the
interaction. Furthermore, nuclear magnetic resonance and
mutagenesis studies mapped the CA residues critical for the
interaction to the helix 4 region of CA-CTD (22). More
recently, an ab initio energy minimized “bridging monomer”
model of the HIV-1 CA-CTD�LysRS�tRNALys ternary complex
has been proposed, which is also consistent with an interaction
between helix 4 of CA-CTD and theH7 region of LysRS (23). In
addition, circular dichroism experiments along with in silico
studies also support this helix 4/H7 interaction (24).
Although the CA-CTD residues involved in LysRS interac-

tion are known, amino acids in the motif 1 region of LysRS that
are involved in interaction with HIV-1 Gag have not been
mapped. In this work, we carried out both cell-based and in
vitro studies aimed at fine mapping of the critical H7 residues.

Analyses of truncated LysRS constructs along with alanine-
scanning mutagenesis experiments demonstrate the impor-
tance of H7 residues along one face of the dimerization helix in
packaging of LysRS into HIV-1 virions. LysRS variants with
single and double amino acid changes in H7 were purified and
subjected to biochemical and biophysical in vitro characteriza-
tion to determine binding affinity, oligomeric state, and amino-
acylation ability. Changes that reduced or eliminated LysRS
packaging into HIV-1 particles were strongly correlated with
defects in binding toHIV-1Gag/CA-CTD, LysRS dimerization,
and aminoacylation activity. Taken together, these studies
reveal a dual role for specific motif 1 residues of hLysRS in
modulating the dimerization state of the synthetase and pack-
aging in HIV-1.

EXPERIMENTAL PROCEDURES

Cell-based Analysis

Truncated variants of the gene encoding hLysRS were con-
structed by PCRusing primers listed in the supplementalMeth-
ods and inserted into the EcoRI and XhoI cloning sites of plas-
mid pcDNA3.1 as previously described (25). For preparation of
V5 epitope-tagged hLysRS containing double point mutations,
the sense and antisense oligonucleotides (listed in the supple-
mentalMethods) were first purified by polyacrylamide gel elec-
trophoresis. Alanine scanning mutagenesis of hLysRS H7 was
performed using theQuikChange site-directedmutagenesis kit
(Stratagene, La Jolla, CA). Plasmids encoding hLysRS variants
along with HIV-1 BH10 proviral DNA were then transfected
into human HEK-293T cells (CRL-11268; ATCC) using Lipo-
fectamin 2000 (Invitrogen), and cell and viral lysates were sub-
jected toWestern blot analysis using antibodies for V5 epitope,
CAp24, and �-actin as previously described (25).

Protein Purification and Labeling

WT and histidine-tagged mutant LysRS proteins were
derived from plasmid pM368 (21). Alanine scanning mutagen-
esis of hLysRS was also performed using the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA). The muta-
tions were confirmed by sequencing the entire gene. For
purification, the following proteinswere overexpressed inEsch-
erichia coli and purified according to previously published pro-
cedures: WT and variant hLysRS (21), CA (21), monomeric
CA-CTD variant containing two point changes to Ala at Trp-
184 andMet-185 (WMCA-CTD) (21, 22), andHIV-1Gag lack-
ing the p6 domain (Gag�p6) (26). Protein concentrations were
estimated using the Bradford assay (Bio-Rad). HIV-1 Gag�p6
was labeled with Texas Red-X, succinimidyl ester (Molecular
Probes) following the manufacturer’s protocol, as previously
described (27). Briefly, 100 �M protein was incubated with
Texas Red-X dye freshly dissolved in anhydrous dimethyl sulf-
oxide at a 10:1 dye:protein ratio for 60min at room temperature
in 150 mM NaCl, 40 mM HEPES, pH 7.5. The reaction was
quenched by addition of 5 �l of 1 M Tris-HCl, pH 8.5, and
unreacted dye was removed by passing the reaction mixture
through a column assembly containing the purification resin
provided by the manufacturer. Covalent labeling and complete
removal of free dye were confirmed by visualizing the fluores-
cence on a denaturing polyacrylamide gel. The final labeling
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stoichiometry was determined by measuring the absorbance at
280 and 595 nm and using the following excitation coefficients:
�280 � 63,090 M�1 cm�1 (Gag�p6) and �595 � 80,000 M�1

cm�1 (Texas Red-X). The labeling stoichiometrywas estimated
to be 0.7:1 Gag�p6:fluorophore. Labeling of WT LysRS with
fluorescein was performed as previously described (21). Bio-
tinylation (EZ-Link Sulfo-NHS-LC-LC-Biotin; Thermo Scien-
tific) of WM CA-CTD was performed by incubating protein
(250 �M) with 20-fold molar excess of biotin on ice for 2 h.
Excess nonreacted biotin reagent was removed by overnight
dialysis according to the manufacturer’s protocol (Thermo
Scientific).

Binding Measurements

Fluorescence Anisotropy Measurements—Apparent Kd val-
ues were determined by measuring the FA of 100-nm Texas
Red-labeled Gag�p6 as a function of increasing concentrations
of hLysRS. The labeled protein was incubated in amber tubes
with varying amounts of the target protein for 1 h at room
temperature in binding buffer (40 mM HEPES, pH 7.5, 150 mM

NaCl, and 2mMDTT). Allmeasurementsweremade on a Spec-
tramax M5 plate reader (Molecular Devices). The wavelengths
formonitoring excitation (Ex), emission (Em), and the emission
cutoffs (Co) for fluorescein andTexas Redwere as follows: fluo-
rescein, Ex � 494 nm, Em � 518 nm, and Co � 515 nm; and
Texas Red, Ex � 585 nm, Em � 620 nm, and Co � 610 nm. Slit
widths of 5 nm were used in all experiments. Data analysis was
performed as previously described by fitting the data to a 1:1
binding model with a correction for changes in fluorophore
intensity caused by protein binding (OriginPro 8 SRO) (27).
ELISA—The binding affinity between hLysRS proteins and

HIV-1 Gag�p6 (or Biotin-WM CA-CTD) was measured by
coating 96-Microwell polysorp plates (Nunc Maxisorp;
Thermo Scientific) overnight using either 100 �l of 100 nM
Gag�p6 or 100�l of 4�g/ml neutravidin at 4 °C. Thewellswere
washed three times with 250 �l of buffer A (50 mM Tris-HCl,
150 mM NaCl, pH 7.4) followed by a 2-h blocking step using a
3% BSA solution dissolved in buffer A. WM CA-CTD was bio-
tin-labeled, and 100 nM Biotin-WMCA-CTDwas bound to the
neutravidin-coated plates. Varying amounts of His-tagged
LysRS variants (diluted in 3% BSA) were then applied, and
plates were incubated at room temperature for 1 h. The wells
were washed five times with 250 �l of ice-cold buffer B (150 �l
of buffer A and 100 �l of Tween 20) followed by the addition of
100 �l of ice-cold anti-His-horseradish peroxidase antibody
(Immunology Consultant Laboratory, Inc.) (1:5000 dilution)
followed by incubation for 45 min on ice. The wells were again
washed with 250 �l of ice-cold buffer B prior to the addition of
100 �l of 3,3�,5,5�-tetramethylbenzidine substrate (Thermo
Scientific). The reaction was incubated in the dark at room
temperature for 30 min before the addition of 100 �l of 2 M

H2SO4 to quench the reaction. The product absorbance was
monitored at 450 nm using a Spectramax M5 plate reader.
Data analysis was performed by fitting the data to the mod-
ified Hill equation for calculation of the apparent Kd in Orig-
inPro 8 SRO,

y � Amin � � Amax � Amin� � xn/�Kd
n � xn� (Eq. 1)

where y is the calculated absorbance at 450 nm, Amin is the
minimum absorbance, Amax is the highest absorbance, x is the
titrated protein concentration, and n is the Hill coefficient.
tRNALys,3 Preparation and Aminoacylation Activity—Un-

modifiedWT tRNALys,3 was prepared from FokI-digested plas-
mid pLYSF119 by in vitro transcription using T7 RNA poly-
merase as described previously (21). An extinction coefficient
of 604,000 M�1 cm�1 was used to determine the concentration
of tRNALys,3. Aminoacylation assays were conducted as
described previously (21). To determine the initial rate of ami-
noacylation, assays were performed using 10 and 20 nM hLysRS
(WT and mutants, respectively) and 0.5 �M tRNALys,3. Under
these conditions, the initial rate is proportional to kcat/Km (28).
Dynamic Light Scattering—Dynamic light scattering (DLS)

measurements were performed on aMalvern Instruments Zeta
Sizer Nano-ZS apparatus. LysRS proteins were first exchanged
into 50 mM NaHPO4, 150 mM NaCl, pH 7.5. The samples were
then centrifuged for 5 min at 10,000 � g in a table top micro-
centrifuge to remove any aggregated protein particles. The col-
lected supernatant was then filtered through a 0.22-�m PVDF
syringe filter prior to analysis. Protein samples (60 �l at 20 �M)
were put in a quartz cuvette, and the data were collected at
25 °C.
Gel Chromatography—The oligomeric states ofWT and var-

iant LysRS (F244A/I245A and I254D/R255A) were monitored
by size exclusion chromatography using aHiLoad 16/60 Super-
dex 200 column (GE Healthcare) attached to a GE AKTApuri-
fier INV-907 fast performance liquid chromatography system.
The mobile phase was 50 mM NaPO4, pH 7, 150 mM NaCl, and
10 mM �-mercaptoethanol. The column was calibrated using
molecular mass markers ranging from 13.7 to 232 kDa (Amer-
sham Biosciences). A 50 �M solution of protein (100 �l) was
loaded onto the column, and absorbance at 280 nm was
monitored.

RESULTS

LysRS H7 Residues Are Essential for Packaging into HIV-1—
To map the motif 1 region of LysRS critical for its packaging
into virions, eight truncation constructs of LysRS were con-
structedwith deletions extending intoH5,H6, andH7 (Fig. 1A).
The DNAs coding for each of the V5-tagged truncated LysRS
variants together with HIV-1 (BH10) were co-transfected into
HEK-293T cells. Expression of LysRS variants observed in the
cellular fraction probed with anti-V5 and anti-�-actin antibod-
ies is shown in Fig. 1B (left panel). Viral lysates were probed
with anti-V5 and anti-CAp24 antibodies (Fig. 1B, right panel).
Only LysRS constructs that retained H7 (�260–597, �1–223,
�1–230, and �1–239) were packaged to a significant extent
into HIV-1. On the other hand, packaging was eliminated or
drastically reduced for constructs that lacked H7 (�223–597,
�230–597, �239–597, and �1–260), thereby suggesting a crit-
ical role for H7 in packaging of LysRS into HIV-1 (Fig. 1B, right
panel).
Tomap specific residueswithinH7of hLysRS responsible for

packaging, Ala scanning mutagenesis of H7 residues was car-
ried out. There are six turns in H7, and eight double mutant
variants were prepared to probe the role of each in packaging.
HEK-293T cells were co-transfected with plasmids coding for
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BH10 and wild-type or mutant hLysRS, and Western blots of
cell and viral lysates were probed as described above. As shown
in Fig. 2B, three mutants displayed 	80% reduction in viral
hLysRS packaging: I246A/R247A (lane 4), I250A/I251A (lane
6), and I254A/R255A (lane 8). After taking into account the
variable cell expression of exogenous LysRS seen in Fig. 2A,
these three H7 variants still display 	50% reduction in LysRS
packaging into virus (listed in Fig. 2C). Another variant dis-
played WT levels of packaging (F244A/I245A, lane 3), and
interestingly, four variants displayed increased levels of pack-
aging relative to WT hLysRS (Q242A/K243A, lane 2; S248A/
K249A, lane 5; T252A/Y253A, lane 7; and S256A/F257A, lane
9). In three independent experiments, whereas the pattern of
exogenous LysRS expression in the cell varied, the pattern of
incorporation ofmutant LysRS into virions remained similar to
that listed in Fig. 2C. Fig. 3 shows the location of the mutated
residues on H7. Interestingly, the second residue of each of the
double mutations that resulted in decreased packaging is
located on the same face of H7 and in a similar location of each
turn (Fig. 3, Arg-247, Ile-251, and Arg-255).
LysRS Double Mutants That Are Defective in Packaging into

HIV-1 Are Also Defective in Binding to Gag�p6 and CA-CTD—
Wenext probed the role of the hLysRSH7 residues determined
to be important for LysRS packaging for their ability to bind
viral proteins. To quantify the binding affinity between HIV-1
Gag�p6 and LysRS variants, we selected five variants for anal-
ysis based on the results shown in Fig. 2. Three variants that
showed a reduction in LysRS packaging (I246A/R247A, I250A/
I251A, and I254A/R255A), one that had no effect on packaging
(F244A/I245A), and one that showed the largest increase in
packaged LysRS (S248A/K249A) were selected for analysis.
Based on the crystal structure of hLysRS (14), four pairs of

selected residues had one side chain in the pair pointing in the
same direction (see Fig. 3, Phe-244, Arg-247, Ile-251, and Arg-
255), whereas the side chains of residues Ser-248 andLys-249 of
the final pair of residues selected for in vitro analysis both point
in the opposite direction relative to Phe-244, Arg-247, Ile-251,
andArg-255. In addition toAla substitutions at all positions, we
made additional variantswhereinwe substituted the hydropho-
bic Ile residue, as well as Ser, with a hydrophilic Asp residue to
ensure greater disruption of potential interactions. Both double
and single point mutations were constructed as summarized in
Table 1 and supplemental Table S1.
FA binding assays were performed to determine the binding

affinity of WT and variant hLysRS proteins for HIV-1 Gag�p6,
andWMCA-CTD. As shown in Fig. 4A, LysRS doublemutants
at positions that were important for viral packaging (I246D/
R247A, I250D/I251D, and I254D/R255A) also showed a �
5–10-fold reduction in binding to Gag�p6 (Table 1). The con-
trol variants F244A/I245A (Kd � 0.52 �M) and S248D/K249A
(Kd � 0.62 �M) bound with affinities comparable with that of
theWTprotein (Kd� 0.56�M).When changes to onlyAlawere
made, the double mutants also displayed an �3-fold reduction
in binding to Gag�p6 (supplemental Table S1), which was
somewhat less severe compared with the Asp containing dou-
ble mutants (Table 1). To confirm the binding results, we also
employed ELISA to measure the binding of a subset of the
LysRS mutants to biotinylated WM CA-CTD. As shown in
Table 1, F244A/I245A and S248D/K249A hLysRS once again
bound with a similar affinity as the WT protein, but variants
with changes in residues critical for LysRS packaging showed a
5–9-foldweaker binding affinity, consistentwith the FA results.
Single point mutations of these residues generally showed 3–5-
fold reduced binding. We also tested the binding of hLysRS

FIGURE 1. Effect of LysRS truncation on packaging into HIV-1. HEK-293T cells were co-transfected with plasmids coding for BH10 and wild-type or mutant
hLysRS, and Western blots of cell and viral lysates were probed for either cellular hLysRS and �-actin (B, left panel) or viral LysRS and CAp24 (B, right panel).
A, scheme showing hLysRS truncation constructs. B, Western blots of cellular (left panel) and viral lysates (right panel).

Interaction of Human LysRS with HIV-1 Gag

41958 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 50 • DECEMBER 7, 2012

http://www.jbc.org/cgi/content/full/M112.421842/DC1
http://www.jbc.org/cgi/content/full/M112.421842/DC1


double mutants to Gag�p6 by ELISA and obtained very similar
results to FA studies (data not shown). Taken together, these
results confirm the importance of three critical pairs of H7 res-
idues (Ile-246/Arg-247, Ile-250/Ile-251, and Ile-254/Arg-255)
for binding to HIV-1 Gag�p6. Furthermore, these results sug-
gest that a 5-fold reduction in binding affinity is sufficient to
significantly reduce packaging of hLysRS into virions.
Like other class II synthetases, LysRS is a functional dimer in

its canonical role in tRNA aminoacylation, and mutations that
affect dimerization do not affect tRNA binding but do reduce
enzymatic activity (21, 23). Because themutationswemade that
affected LysRS packaging and binding toHIV-1Gagwere in the

H7 dimerization domain, it was important to determine the
effect of these changes on the oligomeric state of the protein
and on its enzymatic activity.
LysRS Mutants Defective in Binding to Gag�p6 Are Shifted

toward Monomeric State—DLS measurements were carried
out to examine the effect of mutations on the monomer/dimer
equilibriumof hLysRS. The published crystal structure (Protein
Data Bank code 3bju) of LysRS (14) was first used to measure
the largest end to end distance of the dimeric (�10.7 nm) and
monomeric (�8.5 nm) proteins (Fig. 4B, inset). As shown in Fig.
4B, DLS measurements of the WT protein along with the con-
trol double mutants, F244A/I245A and S248D/K249A showed
an equilibrium distribution toward the dimeric species. In con-
trast, the variants that were defective in packaging and bound
more weakly to Gag�p6 and CA-CTD showed an equilibrium
shift toward the monomeric form of the protein. These results
are summarized in Table 1 and are consistent with gel chroma-
tography experiments performedusingWT, F244A/I245A, and
I254D/R255A hLysRS (data not shown). The I250D and R247A
variants showed the presence of a population with a hydrody-
namic diameter distribution of 	10.7 nm, suggesting the for-
mation of a higher order complex. A second population corre-
sponding to a monomer was also present in this case (Table 1).
Overall, these results suggest that mutating key residues in H7
of LysRS significantly perturbs the monomer-dimer equilib-
rium, with a correlation between residues important for LysRS
packaging into HIV-1 and a shift toward the monomeric form
of the protein.
LysRS Variants with a Mutated Dimer Interface Are Also

Defective in Aminoacylation—To determine the effect of the
H7 changes on enzymatic activity, we performed aminoacyla-
tion assays using in vitro transcribed cognate human tRNALys,3.
The hLysRS variants shifted toward amonomeric state (I246D/
R247A, I250D/I251D, and I254D/R255A) showed a 3–4-fold
reduced kcat/Km relative to the WT protein or to control pro-
teins F244A/I245A and S248D/K249A (Fig. 4C and Table 1). A

FIGURE 2. Effect of H7 double mutations on LysRS packaging into HIV-1. HEK-293T cells were co-transfected with plasmids coding for BH10 and wild-type
or mutant hLysRS, and Western blots of cell and viral lysates were probed for either cellular hLysRS and �-actin (A) or viral LysRS and CAp24 (B). Lanes 1, WT; lanes
2, Q242A/K243A; lanes 3, F244A/I245A; lanes 4, I246A/R247A; lanes 5, S248A/K249A; lanes 6, I250A/I251A; lanes 7, T252A/Y253A; lanes 8, I254A/R255A; lanes 9,
S256A/F257A. In C, the viral LysRS packaged is normalized to the cellular expression of hLysRS by dividing V5/p24 by V5/�-actin.

FIGURE 3. Structure of hLysRS H7 (Protein Data Bank code 3bju) high-
lighting residues probed in this study. Mutation of the residues shown in
red resulted in decreased packaging of LysRS into HIV-1. Mutation of the res-
idues in blue did not adversely affect packaging of LysRS.
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slightly lower,�2-fold reduction in aminoacylation activitywas
measured for variants with single point mutations at residues
Ile-246, Arg-247, Ile-250, Ile-251, Ile-254, andArg-255 (Table 1
and supplemental Table S1). Thus, mutations in H7 that per-
turb the oligomeric state also affect charging of cognate
tRNALys,3, as expected. Although the charging activity was
reduced, the decreases weremodest, suggesting that the shift to
monomer was likely incomplete.

DISCUSSION

In this work, we mapped residues in the H7 dimerization
domain of hLysRS that contribute to packaging of the synthe-
tase-tRNA complex into HIV-1. Mutating three pairs of resi-
dues along primarily one face of the helix reduced the packag-
ing of hLysRS into HIV-1, as well as binding to Gag�p6 and
CA-CTD in vitro. These mutations were also effective in dis-
rupting the dimeric interface of the protein, which was evident
by DLS measurements and reduced aminoacylation activity.
HIV-1 Gag and hLysRS are both capable of homodimer forma-
tion, as well as higher order oligomerization (14, 29). However,
previouswork showed that homodimerization of these proteins
is not important for their interaction, because a monomeric
triplemutant variant still boundwith an affinitywithin 2-fold of
that ofWT LysRS (21). Moreover, size exclusion chromatogra-
phy using the WT proteins provided evidence for exclusively
heterodimer formation and not a higher order complex (21).
Recently, it was shown that upon insertion of a flavodoxin
domain in a region proximal to motif 1, the resulting mono-
meric LysRS species retained its ability to interact with CA-
CTD (23). Using available data, computational approaches
were used to generate a model of the CA-CTD/LysRS interac-
tion (23). Consistent with this model, our data suggest that the
residues on H7 of hLysRS that are important for interaction

with CA-CTD are also important in maintaining the dimer
interface.
Our results extend the currentmodel of a tRNALys packaging

complex (30) where HIV-1 assembly at the plasma membrane
involves complex formation between genomic RNA, Gag, Gag-
Pol, tRNALys, and hLysRS, with LysRS specifically interacting
with Gag. It has been shown that Gag alone is sufficient for the
incorporation of LysRS into Gag viral-like particles, whereas
GagPol is additionally required for the incorporation of primer
tRNALys. The details of this complex network of interactions
are still unknown, and the presence of multiple pools of Gag
actively undertaking several functions to aid in the viral life
cycle has been suggested (31). This is supported by the packag-
ing of several host factors byGag in addition to LysRS including
ABCE 1, cyclophilin A, Tsg 101, andAlix, which are also critical
for viral infectivity (5, 32–36). Previously, it has been suggested
that newly synthesized LysRS is packaged into HIV-1 (18), but
how LysRS is diverted from its normal role in translation is still
unclear.
Aminoacyl-tRNA synthetases have been shown to function

in a wide array of cellular processes that are distinct from ami-
noacylation and changes in oligomeric state, as well as post-
translational modifications have been shown to regulate these
alternate functions (37–39). An intriguing observation that
highlights the dynamic nature of LysRS within the cell, is illus-
trated by itsmobilization to the nucleus (37). In theMSC, LysRS
interacts with the dimeric p38 protein in a unique �2�1:�1�2

geometry; which is designed to control both retention and
mobilization of LysRS from the MSC (16). In response to an
immunological challenge, specific phosphorylation of Ser-207
of hLysRS has been shown to result in release of LysRS from the
MSC and enhanced diadenosine tetraphosphate synthesis.

TABLE 1
Comparison of the Gag�p6 and WM CA-CTD binding affinity, oligomeric state, and aminoacylation activity of WT and mutant hLysRS

LysRS variant

Kd

Dynamic light
scatteringc

Relative aminoacylation
activity kcat/Km

d
Fluorescence

anisotropya Gag�p6
ELISAb

biotin-WM-CA-CTD d(H) Volume

�M nm %
WT 0.56 
 0.08 0.62 
 0.04 10.4 96.8 1
F244A 0.7 
 0.1 0.8 
 0.15 10.4 98.6 0.9
I245A 0.62 
 0.05 0.73 
 0.1 10.5 94.8 1
F244A/I245A 0.52 
 0.07 0.7 
 0.04 10.2 97.8 0.9
S248D 0.53 
 0.09 0.56 
 0.07 10.3 99.5 1
K249A 0.59 
 0.07 0.74 
 0.2 10.4 99.2 0.9
S248D/K249A 0.62 
 0.1 0.66 
 0.1 10.1 97.6 1
I246D 2.6 
 1.1 1.2 
 0.4 9.2 99.8 0.6
R247A 1.5 
 0.1 1.8 
 0.6 8.3 62.7 0.3

17.2 35.8
I246D/R247A 2.5 
 0.5 3.6 
 0.9 8.9 99.9 0.2
I250D 1.8 
 0.5 1.8 
 0.4 19.9 57.7 0.4

8.5 34.6
I251D 2.6 
 0.3 1.5 
 0.5 8.7 99.9 0.4
I250D/I251D 2.7 
 0.7 3.8 
 0.6 8.1 99.9 0.2
I254D 2.1 
 0.5 1.6 
 0.3 8.8 99.9 0.4
R255A 1.9 
 0.1 3.4 
 0.9 8.9 98.4 0.4
I254D/R255A 5.1 
 2.3 5.5 
 1.8 8.6 99.8 0.3

a Measurements were performed using 100 nM Texas Red-labeled Gag�p6 in the presence of binding buffer and varying amounts of hLysRS proteins as described under
“Experimental Procedures.”

b Measurements were performed by immobilizing 100 nM biotin-WM CA-CTD on neutravidin coated 96-well microtiter plate.
c The polydispersity index was between 0.2 and 0.6 for all of the samples. d(H) is the hydrodynamic diameter, and the volume denotes the relative amounts of the
predominant species.

d Initial rates of aminoacylation are proportional to kcat/Km under the conditions used here, and all values are relative to WT hLysRS, which was set to 1. With the exception
of the DLS measurements, all the results are the averages of three trials.
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Nuclear translocation of hLysRS is followed by transcriptional
activation of genes via interaction with microphthalmia-asso-
ciated transcription factor (37). HIV-1 CA (40–42) has also
been shown to readily adopt different dimerization modes (43)
and to interact with a variety of cellular proteins (44).
In summary, we have identified residues in H7 that, when

altered, promote formation of monomeric hLysRS that is less
efficient in tRNA aminoacylation and displays decreased
Gag�p6 binding affinity and reduced packaging into HIV-1.
Thus, the H7 residues identified in the present study appear to
have a dual function in both the canonical and noncanonical
roles of hLysRS. Previous studies identified alternative mono-
meric LysRS variants that retained interaction with Gag (21,
23). To reconcile the new findings with these previous studies
suggesting that monomeric LysRS is the functional form pack-
aged into virus, we hypothesize that the dimerization state of
hLysRS is perturbed in the pool of synthetasemolecules that are
packaged in a manner that facilitates binding to Gag. Whether
post-translational modifications of LysRS are altered during
HIV-1 infection, thereby modulating the oligomerization state
of LysRS and facilitating interaction with components of the
tRNALys packaging complex, remains to be tested.
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J., and Göttlinger, H. G. (1994) Functional association of cyclophilin A
with HIV-1 virions. Nature 372, 363–365

34. Garrus, J. E., von Schwedler, U. K., Pornillos, O.W.,Morham, S. G., Zavitz,
K. H., Wang, H. E., Wettstein, D. A., Stray, K. M., Côté, M., Rich, R. L.,
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